Statistical analysis of the wind speed has been carried out in the surface boundary layer at an Indian coastal station for the years 2006 and 2007 using a best fit two-parameter Weibull distribution. The seasonal variation of Weibull scale and shape parameters has been studied. Further, the predictability of the mean wind speed has been investigated using genetic algorithm in conjunction with Weibull parameters. The prediction of winds has been carried out for half an hour, one hour and one and a half hour in advance. The performance of the algorithm as reflected in the correlation coefficient and root mean square error has been found to be quite satisfactory.
INTRODUCTION
Prediction of wind speed both over ocean and land surface from tens of minutes to several hours in advance continues to be a challenging problem. Generally numerical models are employed to carry out this task. However, large computing resources and huge input information are required for integrating these models. Also, the models are disadvantageous when accurate forecasts at specific locations are required. Such prediction at coastal locations is important for planning, construction and operationrelated activities (More and Deo, 2003) . Hence the use of data-adaptive techniques for such prediction has been advocated in recent years. Such a technique can serve as an economical alternative to prediction by numerical models. One such data-adaptive technique based on Genetic Algorithm (GA) (Szpiro, 1997; Alvarez et al., 2001 ) has been used extensively for prediction of surface parameters such as sea surface winds (Basu et (Alvarez et al., 2000) , sea level anomaly (Alvarez et al., 2004 ) and summer rainfall (Kishtawal et al., 2003) . The present study addresses the prediction of mean wind speed at a coastal station adjoining the Bay of Bengal. The study area, being close to the equator and on the east coast of India with sufficient stretch of ocean on its eastern side, is considered to be an ideal satellite launch site. The pre-launch operations too demand knowledge of boundary layer winds a few minutes to hours ahead.
The probability distributions of wind speeds in parameterized form are important in oceanography, meteorology, studies with air-sea fluxes, and in several coastal, industrial and societal applications. Earlier studies have shown that surface wind speed over both land and ocean can be well explained by the two-parameter Weibull distribution (Conradsen et al., 1984) . The seasonal and latitudinal variations of Weibull parameters have been studied (Pavia et al., 1986 ) using ship-based wind speed observations for a single year 1983. The statistical structure of the probability distribution of sea surface wind speeds has been studied (Monahan, 2006 ) using daily wind vector data of 6 years. It has been confirmed that the Weibull distribution is a good approximation to the distribution of wind speeds over land and ocean.
There are two major objectives of the present study. The first one is characterization of the statistical structure of the wind speeds at 10m and 100m levels in terms of leading moments (mean, standard deviation and skewness) and in terms of the best fit parameters of the Weibull distribution. The second major objective is the prediction of wind speed for both levels using the data-adaptive technique of GA (explained in detail in subsequent paragraphs). The month of October has been selected for the study in order to test the predictive power of the algorithm during the launch of the Indian moon mission 'Chandrayaan-I' which took place during October 2008. The method is extendable to any other month.
WEIBULL DISTRIBUTION AND GENETIC ALGORITHM
In terms of two parameter Weibull distribution, the random variable w has the probability distribution function (PDF) (1) where 'a' and 'b' are the scale and shape parameters of the distribution respectively. The moments of the distribution have been earlier explained in detail (Monahan 2006) . Mean wind speed, mean (w), for a given Weibull function can be expressed in terms of 'a' and 'b': (2) where Γ is the gamma function.
Standard deviation of w can be expressed by
Both the mean and standard deviation of w depend on both 'a' and 'b' parameters. The effect of 'b' (the shape parameter) on mean is found to be small.
The method of Genetic Algorithm (GA) has been explained in detail by many authors and hence only essential details are described here. Given a deterministic time series {x(t k )], t k = k ∆T, k = 1, ...., N, GA tries to find the following prediction function
where m + 1 ≤ t ≤ T, T being the length of the time series under consideration and ∆T being the sampling interval. Further, m is known as embedding dimension. The GA tries to obtain the function P (.) in equation (4) that best represents the given deterministic time series in the following manner. A set of candidate equations for P (.) is randomly generated. A criterion that measures how well a candidate equation performs is known as fitness to the data defined as:
where ∆ 2 = ∑(x c − x 0 ) 2 , x c being the parameter value estimated by the equation string, x 0 is the corresponding " true" value, and <x 0 > is the mean of the "true" values of x. The strongest equations (those with large R 2 values) are then selected to exchange parts of the character strings between them (reproduction and crossover) while the candidates with relatively low values of R 2 are discarded. Finally, a small percentage of the most basic elements of a candidate equation, (single mathematical operators and variables) are mutated at random. The process is repeated a large number of times to improve the fitness of the evolving population of equations. Once the desired fitness strength is reached, the iterations are stopped.
Prediction of mean winds at an Indian coastal station using a data-driven technique applied on Weibull Parameters
DATA
A unique round the clock wind speed and direction measuring 100m tower with wind sensors at 7 levels viz., 10, 20, 30, 40, 60, 80 and 100m is established at Sriharikota (13.7 o N, 80.2 o E) at about 400 m from the coast of the Bay of Bengal. The coastline orients N-S direction. Cup anemometers and wind vanes for indicating wind speed and direction are installed at 7 different levels as mentioned above. Wind speed and direction from these levels are scanned at one-second interval round the clock by a PC based data acquisition system. At the end of full fifth minute, the average wind speed and direction based on these one-second samples are estimated individually for 7 levels to represent as quasi-steady state wind of each level. Wind speed values averaged over every 5 minutes for 2 different levels (100m and 10m) for the years 2006 and 2007 have been used in our study. The accuracy of individual measurement of wind by the anemometer is ∼ 1 m/s. However since the data used in our study is the 5-minute average and hence average of several hundred of samples (individual measurements), the accuracy of the data used in the study improves to 0.1 m/s or even better. We have created several time series of wind speed (with 5 minute intervals) of 3-hour lengths by sliding by half an hour and GA has been applied to the Weibull parameters of distribution for each 3-hour series for the month of October 2006. Out of this data, first 894 points have been used for training the algorithm and last 199 points have been kept for validation.
RESULTS AND DISCUSSION
An analysis has been carried out for getting the best fit Weibull parameters 'a' and 'b' for the wind speed time series described above. This has been followed by computation of corresponding moments of the time series. GA has been applied to the time series of Weibull parameters 'a' and 'b' to approximate the mapping P(.) in equation (4) shown in Table 1 for both the heights 10m and 100m. From Figure 1 , it is clear that the Weibull scale parameter 'a' essentially reproduces the structure of the mean wind speed. This strengthened our approach of computing winds (or predicting winds) through Weibull parameters (or through predicted Weibull parameters). The mean (w) in 2007, as seen within the seasonal cycles, is sustained at a higher value for a longer duration compared to that in the year 2006. The mean wind speed is expectedly found stronger at 100m height compared to that at 10m height. Besides, the rise in wind magnitudes as seen in the seasonal cycle is more pronounced at 100m. Being close to ocean surface, 10m wind speed is expected to feed into several ocean state studies, a few of them being undertaken by the authors. One difference in the seasonal variations of mean wind speed between the two years is the early occurrence Weibull distribution determines the measure of asymmetry of the distribution about the mean and also the steepness and flatness of the distribution. If the shape parameter is exactly 2 the distribution is known as Rayleigh distribution. If 'b' is higher then most of the winds will be confined to a particular value, modal value, and the distribution will have sharp peak. If 'b' is smaller, then the spreading of winds about the mean in the distribution will be high and the distribution will have a flat peak. The Weibull shape parameter is generally larger for the year 2007 (for 10m) with maxima of 2.28 for the pre-monsoon, where the mean wind speed is larger, as has been noted earlier (Pavia and O'Brien, 1986, Monahan, 2006) . For 2006 a continuous increase can be observed in shape parameter. The relationship between skewness and Weibull shape parameter 'b' has been studied in detail (Monahan, 2006) . Skewness is the measure of the asymmetry of the probability distribution and it depends on shape parameter 'b'. The skewness function is positive for small values of ratio mean(w)/std(w) [which is closely related to b] and negative for large values, which clearly matches with our observation [ Table 1 , Figure 4 and Figure 3 ]. In general, the mean wind speed is positively skewed for both the years; the Figure 4 ]. From Figure 3 and Figure 4 , it can be observed that the pre-monsoon period of year 2007 follows the Rayleigh distribution (b ∼ 2, skewness ∼ 0). Highly positive skewed distribution can be seen for the winter monsoon and it indicates that sometimes there are high winds but these are very rare. The relationship between the moments for the observational data and those for the Weibull parameters provides evidence that Weibull is a good approximation for the observed wind data in coastal station.
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International Journal of Ocean and Climate Systems Tables 2 and 3 , respectively. Similar study was undertaken for a few other months indicating equally encouraging results, but the results are not shown here for the economy of space. It is seen that for all the cases the correlation coefficient is higher than 0.9 and RMSE is less than 0.6 m/s. The analytical prediction equations, obtained using GA for three time steps ahead are provided in the Appendix. For economy of space the prediction equations only for the height 10m are provided.
CONCLUSION
Analysis of seasonal and interannual variations in the wind magnitudes at two different levels at the coastal station for the years 2006 and 2007 has been carried out. For studying the characteristics of wind speed, a two-parameter Weibull distribution has been used. Weibull distribution has been found to be an effective method for analyzing the mean wind speed. Genetic Algorithm has been used in conjunction with Weibull parameters, derived from observation series for predicting the mean wind speed. This algorithm is not computer-intensive and requires only the past knowledge of the parameter to be predicted. The results indicate that prediction of mean wind speed with a lead time of one and half hour is very accurate.
APPENDIX: EQUATIONS FOR WEIBULL PARAMETER ('A' & 'B') PREDICTION
For the economy of space we provide only the equations for the prediction of Weibull parameters at 10m height and for three steps ahead prediction. t = time for which prediction of the Weibull parameter (either 'a' or 'b') is made. pr(t) is Weibull parameter (either 'a' or 'b') at time t, pr(t-1)is Weibull parameter (either 'a' or 'b') at time (t-1) and so on. 
